Objective-In a previous study we identified metallothionein (MT) as a candidate gene potentially influencing collaterogenesis. In this investigation, we determined the effect of MT on collaterogenesis and examined the mechanisms contributing to the effects we found. Methods and Results-Collateral blood flow recovery was assessed using laser Doppler perfusion imaging, and angiogenesis was measured using a Matrigel plug assay. Smooth muscle cells were isolated from MT knockout (KO) mice for functional assays. Gene expression of matrix metalloproteinase-9, platelet-derived growth factor, vascular endothelial growth factor, and Fat cadherin in smooth muscle cells was measured by real-time polymerase chain reaction, and protein levels of vascular endothelial growth factor and matrix metalloproteinase-9 were determined using enzyme-linked immunosorbent assay and Western blot. CD11b ϩ macrophages were tested for invasiveness using a real-time impedance assay. Both flow recovery and angiogenesis were impaired in MT KO mice. Proliferation, migration, and invasion were decreased in MT KO smooth muscle cells, and matrix metalloproteinase-9, plateletderived growth factor, and vascular endothelial growth factor expression were also decreased, whereas FAT-1 cadherin expression was elevated. MT KO CD11b ϩ cells were more invasive than wild-type cells. Conclusion-MT plays an important role in collateral flow recovery and angiogenesis, an activity that appears to be mediated, in part, by the effects of MT on the functionality of 3 cell types essential for these processes: endothelial cells, smooth muscle cells, and macrophages. (Arterioscler Thromb Vasc Biol. 2010;30:477-482.)
I n a study in which we examined the temporal patterns of gene expression after acute hind limb ischemia in mice, we identified metallothionein (MT) as a candidate gene whose role in collaterogenesis and angiogenesis was worthy of further investigation. 1 MT are low-molecular-weight, cysteine-rich metal-binding proteins that play a role in the regulation of zinc and copper homeostasis, constituting a cellular defense against heavy metal toxicity and free radical activity. 2 MT is also a stress-response protein, induced by oxidative stressors and acute phase cytokines such as IL-1, 3 IL-6, and tumor necrosis factor-␣. 4 Mice overexpressing MT are protected from focal cerebral ischemia, [5] [6] [7] ischemia-reperfusion injury in the heart, 8, 9 and apoptosis in cardiomyocytes. 10 -13 In MT knockout (KO) mice, impaired angiogenesis and wound healing have been reported in a model of cortical freeze injury. 14, 15 In addition, there are numerous reports of MT having immunomodulatory effects. 16 -20 The objective of this study was to examine the role of MT in collateral vessel formation. To this end, both arteriogenesis and angiogenesis were assessed in MT KO mice. Additional experiments to explore possible mechanisms by which MT contributes to flow recovery were performed using aortic smooth muscle cells (SMC) and CD11b ϩ macrophages from MT KO mice.
Materials and Methods
Male MT KO (129S7/SvEvBrd-Mt1 tm1Bri Mt2 tm1Bri /J) and wild-type (WT) (129S1/SvImJ) mice (12 weeks of age) underwent unilateral surgical ligation of the femoral artery to induce hind limb ischemia (animals were obtained from Jackson Laboratory, Bar Harbor, Maine). Blood flow measurements were recorded using laser Doppler perfusion imaging. Oxidative stress was assessed by measuring reduced glutathione and glutathione disulfide levels in the calf muscle. Matrigel plug assays were used to measure angiogenesis. Proliferation, migration, and invasion experiments were performed using aortic SMC isolated from MT KO and WT mice. Expression levels of matrix metalloproteinase-9 (MMP-9), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and Fat cadherin (FAT-1) mRNA were measured in aortic SMC using fast real-Time polymerase chain reaction (Applied Biosystems). Protein levels of VEGF and MMP-9 secreted by aortic SMC were measured by enzyme-linked immunosorbent assay. Baseline, day 7, and day 21 samples were paraffin-embedded and stained for alpha actin (mouse antihuman SMA; Dako), CD31 (rabbit antimouse; Abcam), and F4/80 (Abcam). CD11b ϩ cells were isolated from splenocytes using anti-CD11b-coated magnetic beads (Miltenyi), and monocyte invasion of an endothelial cell layer was measured using electric cell-substrate impedance sensing (Applied Biophysics). An extended Materials and Methods section is available in the Supplemental materials available online at http://atvb.ahajournals.org.
Results

Hind Limb Blood Flow Recovery After Femoral Artery Ligation
Initially, MT KO mice showed a flow recovery pattern that was similar to WT animals, but by day 7 after the procedure the recovery curve reached its plateau and remained significantly impaired compared to controls (Pϭ0.0165; Figure 1A ).
Oxidative Stress Measurements
There were no differences in GSH/GSSG between WT and MT KO mice either at baseline or at 3 days after ligation ( Figure 1B ).
Capillary Density and Alpha Actin Staining
Although there was no difference in the capillary-to-muscle fiber ratio between WT and MT KO mice 5 days after ligation (data not shown) or in alpha actin-positive vessels at baseline or 7 days after ischemia (data not shown), by day 21 there were significantly fewer capillaries and alpha actin-positive vessels present in the MT KO compared to WT animals ( 
Matrigel Plug Assays
There were significantly fewer vessels and CD31-positive cells in the matrigel plugs from the MT KO animals compared to the plugs from the WT mice (6.19Ϯ0.916 vs 0.33Ϯ0.16; Pϭ0.004; Figure 2 , B and C).
Proliferation Assay
Aortic explants from MT KO mice had delayed outgrowth of SMC compared to WT aortic explants. In addition, MT KO SMC showed impaired proliferation using an 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay at decreasing concentrations of fetal bovine serum compared with WT SMC (at 2.5%, 1.25%, and 0.625% fetal bovine serum; PϽ0.05; Figure 3 , A and B).
Migration and Invasion Assays
Migratory capacity of aortic SMC isolated from MT KO mice was significantly impaired compared to WT SMC (optical density units, 2.38Ϯ0.02 vs 2.76Ϯ0.06; Pϭ0.004; Figure 4C ). A similar pattern was observed in the invasion assay, with reduced invasiveness in the MT KO vs WT cells (optical density units, 0.700Ϯ0.02 vs 0.926Ϯ0.05; Pϭ0.008; Figure 3D ).
Gene Expression
Expression levels of selected genes known to play a role in SMC migration were measured using real-time polymerase chain reaction ( Figure 4A through 4D). MT KO SMC had significantly lower expression levels of MMP-9 (2% of WT; Figure 1 . Flow recovery in MT KO mice. A, Flow recovery after induction of hind limb ischemia for WT mice (nϭ10) and MT KO mice (nϭ13) shown graphically as the ratio of blood flow in the ischemic limb to that in the nonischemic limb at each time point (*Pϭ0.0165). B, Measurement of oxidative stress. There was no difference in GSH/GSSG between the groups (MT, WT) at each of the time points. Three days after femoral artery ligation, animals in each group (MT, WT) showed a significant decrease in GSH-to-GSSG ratio, indicating an elevated oxidative stress (PϽ0.015). C, CD31 staining in hind limb on day 21 after ischemia. D, Capillary-to-muscle fiber ratio determined from CD31 staining. There were significantly fewer capillaries present in the MT KO compared to WT mice (nϭ4 per group; PϽ0.001). Pϭ0.006). Likewise, MMP-9 protein levels were decreased in MT KO cells, as demonstrated by enzyme-linked immunosorbent assay ( Figure 5A ). VEGF mRNA levels were significantly lower in MT KO SMC (43% of WT; Pϭ0.0006), as were VEGF protein levels (Pϭ0.015; Figures 4B and 5B ). MT KO SMC also had significantly lower expression levels of PDGF receptor (54% of WT; Pϭ0.005). In contrast, MT KO SMC had significantly higher expression levels of FAT-1 cadherin (2-fold increase; PϽ0.0001).
Immunohistochemistry
Tissue sections from the calf muscle were collected 7 and 21 days after femoral artery ligation and were stained with an antimacrophage (F4/80) antibody. On day 7 after ischemia, there was no difference in the number of infiltrating macrophages between WT and MT KO animals. By day 21, WT mice had fewer macrophages present in the tissue, whereas MT KO mice had significantly more macrophages remaining in the hind limb ( Figure 6 , A and B).
Electric Cell-Substrate Impedance Sensing
In the presence of IL-1, a decrease of the resistance of the endothelial monolayer measured by the electric cell-substrate impedance sensing shows that the integrity of the endothelial monolayer is breached by invading splenocytes. CD11bpositive cells derived from the MT KO strain demonstrate a stronger effect than that observed for the CD11b-positive cells from the WT mice (*PϽ0.05; Figure 6C ). These data suggest that the MT KO-derived cells are able to invade a monolayer with higher efficiency.
Discussion
The experiments described in this study were designed to explore the role of MT in collateral vessel development. Previous microarray data from our laboratory demonstrating a marked increase in MT expression soon after femoral artery ligation in the mouse 1 led us to develop the hypothesis that MT plays a role in collaterogenesis in a mouse model of acute hind limb ischemia. To test our hypothesis we used the MT KO mouse and found that blood flow recovery, as measured by laser Doppler perfusion imaging was impaired compared to that in WT animals ( Figure 1 ). We postulate that the early overlap observed in flow recovery suggests the MT KO mice have a similar number of preexisting collaterals compared to the WT, but the later plateau suggests there is a defect in the ability of these collaterals to remodel or an impaired capacity for new collaterals to form, or both. We found that the capillary-to-muscle fiber ratio in MT KO mice is no different from WT animals at baseline, although by day 21 after ischemia, there are fewer CD31-positive cells staining. Likewise, there is no difference in the number of alpha actin-positive vessels at baseline, but by day 21, the MT KO animals have fewer alpha actin-positive vessels. To further explore our hypothesis, we chose to focus on several cell types known to be involved in collateral vessel development: the endothelial cell, the vascular SMC, and the macrophage.
Endothelial cells play a major role in angiogenesis and are also involved in collateral remodeling. A Matrigel plug assay was used to determine the effect of MT deficiency on angiogenesis. Vessels and CD31-positive cells were significantly decreased in the Matrigel plugs implanted in the MT KO mice compared to the WT controls ( Figure 2 ). Miyashita et al 21 had previously demonstrated that metallothionein is a downstream target of zinc finger 1 in vascular endothelial cells and is involved in the regulation of angiogenesis. The authors found, using WT mice, that Matrigel containing VEGF or basic fibroblast growth factor and an MT1 antisense oligodeoxynucleotide had fewer vessels invading the subcutaneously implanted plugs. Thus, our Matrigel plug study using MT KO mice confirms these previously reported findings and provides additional support for the important role of metallothionein in regulating the angiogenic properties of endothelial cells.
The vascular SMC is important in vascular remodeling and the maturation of collateral vessels. To date, there are no published reports describing a role for MT in vascular SMC biology; therefore, we conducted a series of experiments to elucidate this possible association. We isolated aortic SMC from MT KO mice and performed a series of functional and gene expression studies. We observed a reduction in proliferation in the MT KO SMC, as well as a significant impairment in both migration and invasion compared to WT controls (Figure 3) . Interestingly, the impaired proliferation, as measured by MTT assay, is only observed at decreasing levels of fetal bovine serum. Thus, when adequate growth factors are present there is no difference in proliferation between WT and MT KO SMC. In contrast, under conditions of stress, such as low levels of growth factors or possibly hypoxia, MT is necessary for normal proliferation. This observed decrease in SMC functionality could partially explain the impaired flow recovery after induction of acute hind limb ischemia.
To provide further mechanistic support for the importance of MT in SMC function, we measured expression levels of several genes known to affect SMC migration. MMP-9 is a zincdependent metalloproteinase involved in degrading the extracellular matrix, a function important in both angiogenesis and vascular remodeling. MMP-9 has been shown to be important in regulating SMC function, such that silencing MMP-9 gene expression inhibits SMC migration. 22, 23 We found that MMP-9 mRNA and protein expression was significantly downregulated in the SMC isolated from MT KO animals (Figures 4, 5) .
We measured SMC expression levels of PDGF receptor, which is also involved in migration. 24 -27 We found that MT KO SMC had significantly lower expression levels of PDGF receptor compared to WT cells. Because PDGF is a chemoattractant to SMC, cells with fewer PDGF receptors would likely exhibit an impaired ability to migrate toward this growth factor. Therefore, the deficiency in PDGF receptor suggests another mechanism contributing to SMC dysfunction in MT KO mice.
VEGF is now known to be more than an endothelial-specific growth factor. Both VEGF receptors and VEGF itself are expressed in vascular SMC. 28, 29 It is likely that VEGF acts in an autocrine manner to stimulate SMC growth. In this experiment, we found that VEGF mRNA and protein levels were downregulated compared to those in WT SMC, indicating another possible mechanism by which MT KO SMC have impaired functionality.
The fourth gene we tested was FAT-1, which is upregulated in a rat model of balloon injury. 30 In vitro knockdown of FAT-1 expression inhibits vascular SMC migration but increases expression of cyclin D1 and cell proliferation. In our study, FAT-1 expression was higher in the MT KO SMC, which is somewhat counterintuitive in the context of migration. It is possible that we may be observing a compensatory mechanism by which the SMC are attempting to overcome the migratory deficiency attributable to decreased expression of MMP-9, PDGFR, and VEGF. However, FAT-1 expression inhibits SMC proliferation, an activity supporting our observation that MT KO SMC do not proliferate as well as WT cells under conditions of stress.
Taken together, our data demonstrate that MT KO aortic SMC have impaired migratory and invasive capacity, as well as a reduced rate of proliferation compared to WT mice. These functional deficiencies may be partially explained by altered expression levels of genes specifically involved in SMC migration, such as decreased expression of MMP-9, PDGFR, and VEGF, and elevated expression of FAT-1 cadherin.
Macrophages are also known to be involved in collateral development, and macrophage dysfunction has been previously reported in MT knockout animals. Leibbrandt et al 31 demonstrated that downregulation of MT in THP-1 cells increased cell adhesion and invasiveness. In a model of cortical freeze injury, Penkowa et al 14, 15 found that MT KO mice showed increased numbers of recruited monocytes and prolonged inflammation around the injury site. In addition, the authors noted increased expression levels of proinflammatory cytokines, such as IL-1␤, IL-6, and TNF-␣, and decreased expression levels of growth factors, such as basic fibroblast factor, transforming growth factor-␤1, and VEGF, compared to WT animals. 14 Mita et al 32 observed a similar phenomenon in a model of Helicobacter pylori infection in mice. Specifically, they observed a greater infiltration of inflammatory cells and activation of NF-B in the gastric mucosa, as well as erosive lesions in the H pyloriinfected MT KO mice compared to WT mice. We observed an increased number of macrophages in the ischemic hind limb of the MT KO mice 21 days after induction of acute hind limb ischemia. In addition, we found the CD11b ϩ cells from the MT KO animals were more invasive than the CD11b ϩ cells from WT mice. It is well-accepted that macrophages are critically important in the growth of collateral vessels, so it might seem counterintuitive to suggest that the greater infiltration of macrophages observed in the MT KO mice would be associated with impairment in flow recovery. Others have reported similar findings in brain and gastric injury models, suggesting that the healing response in MT KO mice is impaired and inflammation (as measured by macrophage infiltration) does not resolve as it does in WT animals.
We speculate that macrophage dysfunction may also be contributing to the impairment in flow recovery observed in the MT KO mice. Specifically, we postulate that the increased number of infiltrating macrophages we observed in the ischemic tissue secrete elevated levels of proinflammatory cytokines over a longer period without the normal shift to a growth factor secreting phenotype, as Penkowa 14 describes, resulting in a poorer outcome. The glutathione antioxidant system has been described as an important marker of oxidative stress. GSH, as a cosubstrate of glutathione peroxidase, plays an essential role in protection from free radicals. 33 Because MT is involved in zinc homeostasis, detoxication of heavy metals, 34 and protection against oxidative damage, 35 and because it could impact the redox state of MT KO mice, we assessed the GSH/GSSG in MT KO and WT mice in baseline and ischemia conditions.
We found there was no difference in the GSH-to-GSSG ratio between WT and MT KO mice under either condition, although the oxidative stress was higher in the ischemia conditions compared to baseline. 36 Consistent with our results, some studies have shown the same pattern in liver and pancreas injury. 37, 38 Our findings suggest that other compensatory mechanisms may be protecting the MT KO mice from elevated oxidative stress after ischemia. Koumura et al 39 showed that MT III knockout mice had higher cerebral infarction damage and oxidative stress than WT mice, suggesting the importance of MT III in the brain. Moreover, McAuliffe et al 40 found that after hypoxia, ischemic MT I-deficient and MT II-deficient mice did not show differences in functional or anatomic neurological measures when compared with WT mice. These findings might suggest that other isoforms of MT or other antioxidant systems may be compensating under conditions of oxidative stress in the MT KO mice. It is of interest that collateral growth remains impaired despite the presence of compensatory antioxidant pathways. These finding suggest that additional mechanisms other than tissue redox state are playing a role in endothelial, SMC, and macrophage biology as it pertains to collateral remodeling.
Conclusion
In conclusion, mice that are deficient in MT gene expression have impaired collateral flow recovery after the induction of acute hind limb ischemia. We have demonstrated that 3 cell types known to be involved in collateral remodeling are dysfunctional in MT KO mice: endothelial cells, SMC, and macrophages.
Therefore, we propose that the combined dysfunction of multiple cell types observed in MT KO mice all contribute to the impaired collateral development observed after the induction of acute hind limb ischemia and, conversely, that the expression of MT in WT mice is essential for normal collaterogenesis. MT and its downstream targets therefore might provide therapeutic targets for enhancing collateral development. Moreover, because each of the cell types we describe that are affected by MT are known contributors not only to collateral vessel development but also to atherogenesis, 36 our findings suggest that further investigation of MT protein levels and polymorphisms may provide useful biomarkers or therapeutic targets for patients with cardiovascular disease.
